It was recently shown that alamethicin greatly facilitates the fusion of small, sonicated, lecithin bilayer vesicles. In the present work the details of this fusion process have been followed by monitoring the inner and outer choline methyl signals separately by proton magnetic resonance spectroscopy. It is shown that during the alamethicin-induced fusion some of the antibiotic molecules become translocated from the extravesicular aqueous medium into the enclosed intravesicular space, and these alamethicin molecules were found to affect the choline methyl signals from the inner half of the bilayer only. No evidence was obtained for transmembrane coupling of the two halves of the bilayer in the presence of alamethicin or for any effects that might be construed as due to incorporation of alamethicin molecules into the hydrophobic core of the bilayer.
The interaction of alamethicin (1, 2) with phospholipid bilayers has been a subject under extensive investigation by various methods (3-6) ever since it was discovered that this antibiotic induces ion movement across biological membranes (7) and that it interacts with black lipid membranes to form voltage gateable ion channels with discrete conductance states (8) .
Two nuclear magnetic resonance (NMR) studies of the interaction of alamethicin with phospholipid bilayers have appeared. Hauser et al. (9) investigated the interaction of alamethicin with sonicated phospholipid bilayer vesicles and found that the oligopeptide causes broadening of the lipid proton resonances as well as reduction in the signal intensities.
These workers interpreted the data in terms of incorporation of alamethicin into the hydrophobic core of the bilayer membrane. A more recent study (10) , however, indicated that alamethicin interacts with lecithin bilayer vesicles primarily in the region of the polar head groups. The observed intensity loss and linewidth broadening effects were attributed to fusion of bilayer vesicles catalyzed by clusters of alamethicin in addition to specific interactions between the antibiotic molecules and the polar head groups. The following model was also proposed for this alamethicin-induced vesicle fusion process. It was suggested that clusters of alamethicin, which become physically adsorbed onto the surface of the bilayer vesicles, readily transcend the thickness of the electrical double layer of these colloidal particles and, hence, could serve as a nucleation center for the fusion of two bilayer units. Presumably these alamethicin clusters can, during the course of fusion, cause transient rearrangements in the local structure of the lipids, with the resultant formation of an inverted micelle and the subsequent translocation of the alamethicin cluster into the intravesicular solution. A schematic representation of the sequence of events proposed for this fusion process is reproduced in Fig. 1 .
The present work was undertaken to test the validity of the proposed model of alamethicin-mediated fusion. Our rationale is that the translocation of the alamethicin into the intravesicular solution could be ascertained by studying the effect of externally added alamethicin on the choline head groups located on the inner and outer halves of the bilayer separately.
In the proton magnetic resonance ( L-a-Dipalmitoyl lecithin was purchased from General Biochemicals and purified according to a published procedure (13 Alamethicin was weighed into a 1-ml volumetric flask and dissolved in an appropriate amount of D20 containing 2 mM phosphate and 0.1 M NaCl at pD 7.4. Europium nitrate and sodium chloride were weighed into a 25-ml volumetric flask, to which D20 containing 2 mM phosphate at pD 7.4 was added so that the resulting solution was isotonic with the vesicle solution.
In one series of experiments, known quantities of alamethicin and vesicle solutions were mixed and incubated at 700 for 20 min. To the incubated mixture a measured amount of the europium solution was then added, followed immediately by NMR and electron microscope experiments.
In another series of experiments, the europium solution was mixed with the sonicated vesicle solution before the addition of alamethicin. After alamethicin was added, the time course of the PMR spectrum of the inner and outer choline groups was followed by Fourier transform-NMR spectroscopy.
Finally, the effect of alamethicin on a lecithin vesicle suspension sonicated in the presence of europium(III) ion was also studied. To the sonicated mixture a small quantity of alamethicin (about 0.01%) was added. After fusion had subsided, the mixture was dialyzed at room temperature against an isotonic NaCl solution for 4 hr. Subsequent NMR and electron microscope experiments were performed on the dialyzed mixture.
PMR Spectra. The Fourier transform spectra of sonicated lecithin bilayer vesicles were obtained with a Varian XL-100 NMR spectrometer equipped with Fourier transform accessories and interfaced to a Varian 620i computer. Intensities of the signals were calibrated against a standard chloroform capillary treated with the free radical 2,2-diphenyl-1-picrylhydrazyl. Chemical shifts were measured against an external tetramethylsilane (TMS) capillary without correction for changes in the bulk magnetic susceptibility. Sample temperature was maintained by a Varian 4540 temperature control unit, and was determined from the spectrum of a standard ethylene glycol sample.
Electron Microscopy. Electron microscopy has been used to ascertain the size distribution of vesicles in the absence and presence of the paramagnetic ion and/or alamethicin. Specimens were prepared according to a procedure described in an earlier paper (10) , and were observed on a Philips 201 electron microscope operating at 60 kV. solution after fusion has taken place. The added europium(III) ions shift the outer choline methyl signal to higher fields in the PMR spectrum, thus permitting the inner and outer choline signals to be monitored separately. Table 1 summarizes the effect of alamethicin and its associated induced-fusion on the intensities and linewidths of the inner and outer choline signals. The observed variation of the signal intensities with alamethicin concentrations is also presented in Fig. 2 . Since variations in the size distribution of the vesicles during the fusion process change the stoichiometric concentrations of lipids in the two halves of the bilayer, proper interpretation of these intensity data can only be made after the transfer of lipid from the outer to the inner half of the bilayer is taken into account. Accordingly, these intensities are expressed in terms of the percentage of lipid expected for each half of the bilayer for the size distribution of bilayer vesicles determined (by electron microscopy) at the time the NMR measurements were performed. Both the inner and the outer choline signals exhibit a decrease in intensity as the alamethicin concentration in the sample increases, in accordance with results reported earlier (9, 10). We note, however, that despite their supposedly shielded location from the external solution, the choline methyl protons from the inner half of the bilayer actually manifest a somewhat greater reduction in their PMR signal intensity. This result, we believe, provides evidence that some of the antibiotic molecules become incorporated into the intravesicular space during the alamethicin-mediated fusion process. Intensity loss in lipid bilayer vesicle systems arises from magic angle effects. The local lipid chain motion in a bilayer vesicle is often sufficiently restricted that the dipolar interactions among spins are not completely averaged out spatially by these segmental motions. That part of the dipolar interactions not averaged out by the local motion can only be motionally averaged by overall rotational tumbling of the entire vesicle unit and/or lateral diffusion of the lipid molecules on the surfaces of the bilayer vesicle. The timescale of this motional narrowing can be shown to have a profound influence on the lineshape of the spectrum. For example, in multilamellar dispersions where overall rotational tumbling of the bilayer unit and the timescale for surface diffusion of the lipid molecules (measured in terms of root mean square angle traversed per unit time) is slow, the lineshape of the multilayer spectrum is dominated by inhomogeneous broadening due to these residual dipolar interactions (14, 15) . However, when the modulations of these residual fields are sufficiently fast, one can obtain a homogeneously broadened resonance which accounts for all of the expected intensity. This presumably is the situation with small sonicated lecithin bilayer vesicles (250-300 A in diameter), where the local lipid chain motion appears to be sufficiently unrestricted and the overall tumbling of the bilayer unit is fast enough (16 3. Time evolution of the 100 MHz PMR spectra of the choline methyl protons when the alamethicin-mediated fusion is carried out in the presence of 7 mM europium(III) ion in the extravesicular solution. The antibiotic is added to the medium at 0 min. Incubation temperature: 70°. Alamethicin concentration: 0.2%. Chemical shift measured downfield from an external tetramethylsilane (TMS) signal without making bulk susceptibility corrections. The broad resonance at 3.4 ppm is due to the Me3N-CH2 protons.
these lecithin vesicle solutions. First, the alamethicin-induced fusion leads to an increase in the vesicle size distribution, which results in slower overall rotational tumbling of the bilayer units as well as less effective averaging by surface diffusion of the lipid molecules. Second, alamethicin can also interact with the polar head group region of the lecithin bilayer, with a resultant decrease in flexibility and mobility of the choline head groups. In the present experiment, both factors contribute to the apparent intensity anomaly since it has previously been shown that the motion of these choline head groups is essentially unrestricted and rapid even for large vesicles approximately 1000 it in diameter at temperatures over 40'C (16). Magic angle effects are not observed for the choline proton resonance of these large vesicles.
Translocation of Paramagnetic Ions Across the Bilayer Membrane During Alamethicin-Mediated Fusion. In the previous section evidence was presented for the entrapment of alamethicin molecules into the intravesicular solution as a consequence of the alamethicin-mediated fusion. Since alamethicin is negatively charged, we expect, as a corollary, that counterions will be translocated as well. This point could be ascertained if, for example, europium(III) ions were present in the extravesicular bilayer vesicle solution prior to the onset of the alamethicin-induced fusion. A series of experiments was therefore carried out under these conditions.
The results of this study are summarized in Fig. 3 , where the choline spectrum is displayed as a function of time after the addition of alamethicin to the solution. These data show a continuous upfield shift of the inner choline signal relative to the outer choline resonance accompanied by a concomitant intensity reduction as the fusion process progressed, until it finally merged completely with the outer choline signal some 50 min after the addition of alamethicin. Since the intra- vesicular solution contained no europium(III) ions to begin with, the observed upfield shift of the inner choline signal must arise from the translocation of europium(III) ions during the fusion process, or be the result of alamethicin pores formed across the bilayer membrane. In a separate experiment we have shown that lecithin bilayers are impermeable to europium(III) in the absence of alamethicin even after incubation of the vesicles at 70'C for over 3 hr. In the next section, we shall also rule out the possibility of alamethicin pores, and hence the rapid translocation of europium(III) must be associated with the fusion process.
Entrapment of Alamethicin in Small Sonicated Vesicles. Alamethicin could be trapped in small vesicles when the antibiotic-induced fusion is carried out at low antibiotic concentrations (about 0.01%) followed by removal of the external alamethicin and ions by dialysis. Under these conditions only one or two fusion steps on the average could have occurred for each of the initial vesicles, so that the sizes of the resultant fused vesicles are still rather small. The concentration of alamethicin trapped within the intravesicular space is quite high since the surface-to-volume ratio of the enclosed solution remains high. When the vesicles are prepared by sonication in the presence of europium(III) ions, followed by subsequent fusion and dialysis of the external medium, a europium(III) ion gradient as well as an alamethicin gradient is also established across the bilayer membrane. These asymmetrical bilayer vesicles could, therefore, be used to ascertain whether there is transmembrane coupling between the two halves of the bilayer and whether alamethicin pores are present within the bilayer membrane to an appreciable extent to permit significant leakage of entrapped europium(III) ions.
The results of such an experiment are summarized in Fig. 4 . Because of the trapped europium(III) ions, the PMR spectrum of these vesicles gives two separate choline resonances, with the inner choline proton signal appearing at higher field. The inner choline signal was found to be a factor of two or so broader than the outer choline signal. Its integrated intensity was also significantly less than expected. Electron microscopy revealed that the average diameter of these vesicles was about 300 X, and thus the ratio of the outer compared with the inner lipid concentrations should be about 1.6, but the actually observed intensity ratio was 1.9. This intensity result, together with the observed broadening of the inner choline resonance, indicate that there is reduction in the motional flexibility and mobility of these polar head groups as a result of the alamethicin-lipid interactions. Since no significant broadening (or intensity loss) of the outer choline signal was observed, interactions of alamethicin with the bilayer at the inner lipid-aqueous interface are not transmitted to the outer half of the bilayer.
The above spectral results provide confirming evidence in support of our earlier hypothesis that alamethicin molecules are translocated into the intravesicular solution during the mediated fusion process. Any interaction of alamethicin with lecithin bilayers appears to be confined principally at the bilayer-aqueous interface. Presumably any appreciable incorporation of the polypeptide within the hydrophobic core of the bilayer would have led to transmembrane coupling of the two halves of the bilayer. No evidence was obtained for this transmembrane coupling. Our experiments showed that the PMR spectrum of these choline head groups in alamethicin-containing vesicles was essentially unchanged both in chemical shifts and relative intensities even after an incubation period of about 2 hr at 70'C. This result indicates that there is no appreciable leakage of the entrapped alamethicin or europium(III) ions into the extravesicular solution, suggesting that there is no extensive alamethicin pore formation under the conditions of these experiments.
